














Two-dimensional	 (2D)	 nanocomposite	 materials	 with	
dynamically	tunable	 liquid	crystalline	properties	have	recently	
emerged	 as	 a	 highly-promising	 class	 of	 novel	 functional	
materials,	opening	new	routes	within	a	wide	variety	of	potential	
applications	 from	 the	deposition	of	highly	uniform	 layers	 and	
heterostructures,	 to	 novel	 display	 technologies.	Here,	we	will	
introduce	 the	 underlying	 concepts	 that	 underpin	 this	 recent	
technological	 advance;	 provide	 an	 overview	 of	 the	 synthetic	
routes	towards	such	2D	nanocomposite	materials;	and	review	
recent	 advances	 in	 the	 application	 and	 applicability	 of	 these	
materials	within	the	fields	of	optoelectronics	and	photonics.	
Since	 the	 advent	 of	 graphene	 in	 20041,	 there	 has	 been	 an	
explosion	in	the	investigation	of	a	wide	range	of	atomically	thin	
(two-dimensional)	 materials.	 In	 addition	 to	 graphene	
(exfoliated	 from	 graphite),	 materials	 that	 can	 be	 reduced	 to	
monolayer	 size	 have	 been	 shown	 to	 include:	 graphene	 oxide	





these	 materials	 in	 novel	 optoelectronics	 and	 photonics	
applications	 is	 often	 limited	 by	 challenges	 surrounding	 the	
scalability,	 cost	 of	 production	 processes	 or	 limited	 device	














liquid	 crystal	 phase	 was	 initially	 described	 by	 Austrian	 botanist	
Friedrich	 Reinitzer	 in	 1888	 when	 looking	 at	 the	 properties	 of	
cholesterol	 derivatives8,9,	 although	 some	 credit	 goes	 also	 to	 Julius	
Planer,	 who	 reported	 similar	 observations	 27	 years	 prior10,11.	 This	
new	and	distinct	state	of	matter	was	then	 identified	as	 the	"liquid	
crystal	 phase"	 by	 Otto	 Lehmann	 in	 1890	 and	 in	 1904	 the	 first	
commercially	available	LCs	were	produced	by	Merck-AG12.	Over	the	
following	 18	 years,	 scientists	 established	 the	 existence	 of	 three	
distinct	liquid	crystalline	phases	(nematic,	smectic	and	cholesteric)12	
but,	with	no	applications	of	note	forthcoming,	the	study	of	LCs	was	
halted.	For	 the	next	30	years,	 the	 scientific	 community	 ignored	LC	
materials,	 considering	 them	 as	 an	 interesting	 curiosity.	 However,	
following	 a	 renaissance	 in	 liquid	 crystal	 science	 in	 the	 1950s,	 the	




cancer	 diagnostics	 and	 non-destructive	 material	 testing	 methods	
drove	a	new	era	in	liquid	crystal	science.	By	1962,	liquid	crystals	were	
already	 finding	 applications	 for	 in	 state-of-the-art	 laser	 devices,	
despite	 the	 relative	 youth	 of	 laser	 science.	 However,	 the	 most	
important	 technological	 innovation	 came	 in	 1965	 with	 the	
development	 of	 the	 first	 LC	 displays	 (LCDs)13–15.	 Subsequently,	
twisted	nematic	LCDs	(1969	-	1971)	advanced	the	field	further13–15.	
Significant	 breakthroughs	 in	 the	 evolution	 of	 liquid	 crystal	
technologies	 occurred	 in	 the	 1980-1990s	 and	 continue	 to	 have	 a	
profound	 impact	 on	 day-to-day	 life:	 the	miniaturisation	 of	 display	
technologies	 facilitated	 the	 development	 of	 portable	 PCs,	 mobile	
telephones	and	countless	other	 innovations13–15.	 Since	 the	 start	of	
the	 new	millennium,	 LCs	 and	 recently	 discovered	 2D	material	 LCs	
have	 come	 into	 demand	 as	 optoelectronic	 and	 photonic	
materials3,16–19.		





the	molecule)6,7,20.	 Lyotropic	 liquid	 crystals	 exhibit	 a	 liquid	 crystal	
phase	 within	 a	 certain	 range	 of	 temperatures	 but	 also	 require	 a	
concentration	 of	 the	 active	 mesogens	 that	 falls	 within	 a	 certain	
range.	In	the	lyotropic	phase,	the	fluidity	of	the	material	is	induced	
by	the	solvent	molecules	rather	than	being	intrinsic	to	the	mesogens	





solvophobic	 parts	 separated	 at	 opposing	 ‘ends’	 or	 facets	 of	 the	
molecule,	making	them	amphiphilic.	As	one	end	has	a	preferential	







amphiphilic	 molecules	 dispersed	 in	 the	 solvent6,7,20.	 As	 the	




as	 the	 inter-micelle	 interactions	 become	 energetically	 important	
above	a	critical	micellular	concentration	within	the	solvent.	Typically,	
a	hexagonal	columnar	phase	is	formed	where	long	cylindrical	rods	of	
amphiphilic	mesogens	arrange	 themselves	 into	a	hexagonal	 lattice	
structure	 but	 other	 structures	 are	 possible	 depending	 on	 the	
mesogen.	As	 the	concentration	 increases	 further,	a	 lamellar	phase	
will	 form,	with	 layers	of	 the	mesogens	 separated	by	 thin	 layers	of	
solvent.	 In	 lyotropic	 liquid	 crystals,	 it	 is	 objects	 formed	 by	 the	
aggregations	of	amphiphiles	that	can	then	be	ordered	 in	the	same	





Liquid	 crystals	 are	 of	 particular	 interest	 due	 to	 their	
inherent	ordering	while	 in	 the	 liquid	phase	and	 for	 their	 ability	 to	
align	 the	 director	 along	 an	 external	 field21,22.	 Permanent	 electric	
dipoles	can	exist	in	the	individual	liquid	crystal	molecules	when	one	
part	 of	 the	 mesogen	 has	 a	 positive	 charge	 while	 another	 has	 a	
negative	charge.	When	an	external	electric	field	is	then	applied	to	the	
liquid	crystal,	the	dipoles	orient	along	the	direction	of	the	field	as	the	





density	 within	 the	 molecule.	 While	 not	 as	 strong	 as	 permanent	
dipoles,	orientation	of	the	induced	dipoles	with	the	external	field	still	
occurs.	The	effects	of	magnetic	fields	on	liquid	crystal	molecules	are	







to	 the	 inherent	 scalability	 of	 the	 process.	 Liquid	 phase	 exfoliation	
(Fig.	2)	 is	a	method	where	a	bulk	material	 is	dispersed	in	a	solvent	
and	then	layers	are	broken	apart27–31.	In	most	cases,	the	layers	are	
broken	 apart	 using	 ultrasonication	 where	 high	 frequency	 sound	
waves	 are	 transmitted	 through	 the	 solution27–30,32–35.	 The	 sound	
waves	induce	the	formation	of	bubbles	and	cavities	between	layers	




liquid	 phase	 exfoliation,	 including	 strong	 acid	 induced	 oxidation	
reactions	 causing	 cleavage36	 and	 freezing	 of	 water	 intercalated	
layered	 structures	 where	 expansion	 of	 water	 as	 it	 freezes	 causes	
interlayer	cleavage37.	Following	exfoliation,	particles	of	specific	sizes	
can	 be	 isolated	 by	 centrifugation	 of	 the	 dispersion38,39,	 solvent	
induced	 selective	 sedimentation40	 or	 by	 pH-assisted	 selective	
sedimentation41	 amongst	 others.	 Materials	 of	 interest	 for	
optoelectronics	and	photonics	that	can	be	reduced	to	few-layer	or	
monolayer	by	means	of	liquid	phase	exfoliation	encompass	a	broad	
range;	 from	 graphene	 and	 its	 derivatives	 to	 transition	 metal	
dichalcogenides	(TMDCs),	metal	oxides	and	hexagonal	boron	nitride	
(h-BN)	amongst	many	others.	Liquid	phase	exfoliated	2D	materials	


















to	 oxygen	 ratio	 between	 2.1	 and	 2.9.	 Graphite	 oxide	 retains	 the	
layered	structure	of	graphite	but	the	interlayer	spacing	is	increased	
and	 no	 longer	 regular	 for	 bulk	 graphite	 oxide.	 The	 oxidation	 of	
graphite	 introduces	 three	 types	 of	 oxygen	 containing	 functional	
groups	to	the	structure:	epoxy	bridges	(oxygen	bridging	between	two	




the	 intercalation	 of	 the	 graphitic	 carbon	 sheets	 by	 oxygenated	
functional	 groups	 results	 in	 graphene	 oxide	 being	 more	 readily	
exfoliatable.	This	means	that	graphene	oxide	can	be	exfoliated	to	few	





additional	 surfactant	 molecules33,35.	 Graphene	 oxide	 possesses	
nonlinear	optical	properties	of	significant	interest	for	applications	in	
ultrafast	 photonics	 and	 optoelectronics.	 The	 saturable	 absorption	
can	be	used	for	pulse	compression,	mode	locking	and	Q	switching	of	
laser	 systems57.	 The	 large	 observed	 Kerr	 effect	 introduces	
possibilities	 in	 all-optical	 switching	 and	 signal	 regeneration	 and	




Transition	 metal	 dichalcogenides	 (TMDCs)	 are	 a	 class	 of	
material	 where	 transition	metal	 atoms	 are	 connected	 by	 bridging	
group	14	elements	with	a	stoichiometry	of	1:2	to	 form	 layers.	The	
layers	 are	 held	 together	 by	 weak	 van	 der	Waals	 interactions	 and	
therefore	present	an	 ideal	 candidate	 for	 reduction	 to	 few-layer	or	
monolayer	 materials.	 Cleavage	 to	 monolayer	 is	 typically	 achieved	
using	mechanical	exfoliation	methods	but	few-layer	material	can	be	
readily	 attained	 using	 liquid-phase	 exfoliation	 methods.	 Many	
different	 TMDCs	 have	 been	 synthesised.	 A	 common	 example,	









liquid	crystal	host	 that	 the	ordering	of	 the	 liquid	crystal	mesogens	
can	impart	ordering	to	the	dispersed	particles64–66.	The	nanoparticles	
have	 been	 shown	 theoretically67	 and	 experimentally3,68–72	 to	 align	
with	 the	 disclinations	 of	 the	 liquid	 crystal	 due	 to	 the	 energetic	
favourability	of	such	an	alignment.	More	recently,	the	impartment	of	
ordering	 from	 a	 liquid	 crystal	 host	 has	 also	 been	 shown	 with	
dispersed	 2D	 material	 particles3,73.	 Additionally,	 dispersions	 of	
graphene	oxide	in	water	have	been	shown	to	have	a	lyotropic	liquid	
crystal	phase	within	a	specific	range	of	concentrations	of	dispersed	




dispersions	 arises	due	 to	 the	 competition	between	 the	 long-range	
electrostatic	 repulsion	 between	 particles,	 originating	 from	 ionised	
functional	 groups	 at	 the	 edges	 of	 the	 particles,	 and	 the	 weak	
attractive	 interactions	 originating	 from	 the	 unoxidised	 graphitic	
domains	 on	 the	 surface74,75.	 The	 liquid	 crystallinity	 is	 therefore	
dependent	 on	 the	 particle	 size;	more	 precisely	 to	 the	 ratio	 of	 the	
surface	 area	 to	 the	 circumference	 (and	 number	 of	 layers)	 as	 this	
determines	the	balance	of	the	attractive	and	repulsive	forces75.	Most	
dispersions	of	liquid	phase	exfoliated	graphene	oxide	will	consist	of	
particles	 of	 differing	 sizes	 and	 therefore	 the	 polydispersity	 of	 the	
particles	becomes	an	important	factor51.	Additionally,	this	balance	is	
affected	by	the	degree	of	oxidation-	the	carbon	to	oxygen	ratio	of	the	
material75.	 The	 stability	 of	 the	 liquid	 crystal	 phase	 can	 also	 be	
strongly	 affected	 by	 the	 ionic	 content	 of	 the	 solvent	 as	 this	
determines	 the	 degree	 of	 ionisation	 of	 the	 oxygen	 containing	
functional	groups	on	graphene	oxide43,75.	The	pH	of	the	solvent	also	
affects	 the	 critical	 concentration	 for	 the	 onset	 of	 liquid	 crystalline	




strong	 polarisation	 dependence	 of	 the	 photoluminescence	 for	
ordered	mesophases	in	graphene	oxide	dispersions77.		
Similarly,	this	 liquid	crystal	phase	has	been	observed	in	a	
range	 of	 other	 organic	 solvents	 including	 acetone,	
dimethylformamide,	 ethanol,	 cyclohexylpyrrolidone	 and	
tetrahydrofuran33,78	(Fig.	5).	The	concentration	of	particles	required	
to	give	rise	to	the	liquid	crystal	phase	is	different	for	each	solvent,	
but	 there	 is	 also	 some	 discrepancy	 between	 the	 threshold	
concentrations	observed	 for	 the	same	solvent	due	to	 the	effect	of	
the	size,	shape	and	polydispersity	of	the	graphene	oxide	particles	in	
the	 solution.	 A	 liquid	 crystal	 phase	 has	 also	 been	 observed	 for	
graphene	exfoliated	and	dispersed	in	chlorosulfuric	acid27.	A	similar	
phase	has	been	observed	in	other	solvents	for	graphene	and	small	
graphitic	 particles	 although	 only	 with	 the	 addition	 of	 either	
stabilising	 surfactant4,5,79	 or	 polymer	 coatings80.	 Dispersions	 of	
graphene	in	water	have	been	reported	to	show	an	extrinsic	chirality	
associated	with	a	cholesteric	 liquid	crystal	phase4.	More	recently	a	
liquid	 crystal	 phase	 has	 been	 observed	 for	 dispersions	 of	
molybdenum	disulfide	 at	 high	 concentration	 in	water50	 suggesting	





the	 use	 of	 graphene	 oxide	 dispersions	 for	 the	 formation	 of	 well-
ordered	 layers	 and	 stacks	 of	 2D	 materials.	 Behabtu	 et	 al27,	
demonstrated	 that	 graphite	 spontaneously	 exfoliates	 into	 single-
layer	 graphene	 in	 chlorosulfonic	 acid,	 and	 spontaneously	 forms	
liquid-crystalline	 phases	 at	 high	 concentrations.	 Transparent,	
conducting	 films	 were	 produced	 from	 the	 liquid	 crystalline	
dispersions.	 	 Jalili	 et	 al78	 showed	 that	 self-assembly	 of	 graphene	
oxide	 sheets	 is	 possible	 in	 a	 wide	 range	 of	 organic	 solvents.	 The	
prepared	 dispersions	 were	 employed	 to	 achieve	 self-assembled	
layer-by-layer	 multifunctional	 3D	 hybrid	 architectures	 comprising	
SWNTs	and	GO	with	promising	mechanical	properties	(Fig.	6).	More	
recently,	the	same	group	has	showed	that	similar	self-assembly	can	









dispersions	 are	 of	 significant	 interest	 to	 applications	 of	 these	
natures.	The	use	of	liquid	crystalline	dispersions	of	graphene	oxide	
to	produce	uniform	layers	has	been	used	as	a	precursor	to	forming	
similarly	 uniform	 structures	 of	 graphene	 through	 the	 reduction	 of	
the	 graphene	 oxide4,49.	 Akbari	 et	 al	demonstrate	 that	 the	 discotic	
nematic	phase	of	GO	can	be	shear	aligned	to	form	highly	ordered,	
continuous	 films	 of	multi-layered	 GO	 on	 a	 supporting	membrane.	
The	highly	ordered	graphene	sheets	in	the	plane	of	the	membrane	
make	 organized	 channels	 and	 give	 greater	 permeability.	 The	
nanoporous	membranes	may	find	application	in	a	variety	of	filtering	
applications83.	Fu	et	al	demonstrate	the	use	of	graphene	oxide	liquid	
crystals	 can	 be	 applied	 as	 composite	 inks	 for	 the	 formation	 of	
electrodes	 in	 3D	 printing	 applications84	 due	 to	 the	 intrinsic	 self-




88,	 with	 many	 proposed	 applications	 such	 as	 in	 conducting	 wires,	
energy	 storage	 and	 conversion	 devices,	 actuators,	 field	 emitters,	
catalysis	and	optoelectronic	and	photonic	devices.	One	of	the	most	
promising	developments	in	this	field,	and	of	particular	interest	here,	
has	 been	 the	 use	 of	 the	 liquid	 crystal	 phase	 to	 improve	 the	
homogeneity	 and	 ordering	 of	 the	 fibers	 produced;	 numerous	
examples	 exist	 where	 fibers	 comprised	 of	 2D	materials	 have	 also	
been	 produced	 by	 the	 wet-spinning	 of	 liquid	 crystalline	




conductivity	 and	 good	mechanical	 performance	 (Fig.	 7).	 Jalili	et	 al	
demonstrate	 a	 method	 for	 one-step	 continuous	 spinning	 of	
graphene	 fibers	 where	 the	 need	 for	 post-treatment	 processes	 is	
eliminated	by	the	use	of	basic	coagulation	baths	for	reduction	of	GO	
during	 the	 spinning	 process49,	 as	 well	 as	 the	 applicability	 of	 wet-
spinning	to	the	formation	of	fibers	of	other	2D	materials50.		
Optoelectronics	




materials.	 For	 example,	 dispersions	 of	 liquid	 crystalline	 graphene	




suspension	 of	 reduced	 GO	 using	 surfactants,	 they	 demonstrated	



























Recently,	Hogan	et	al	proposed	 that	by	 tuning	 the	 liquid	
crystal	director	by	means	of	an	applied	field,	one	could	 induce	the	
formation	 of	metastructures	 formed	 of	 the	 dispersed	 2D	material	
particles	 as	 they	 are	 repositioned.	 In	 particular,	 they	 show	 that	
nanocomposites	 of	 nematic	 phase	 liquid	 crystals	 with	 dispersed	










crystal	 display	 applications	 as	 they	 exhibit	 electro-optic	 switching.	
The	large	Kerr	coefficient	of	graphene	oxide	liquid	crystals	observed	
by	Shen	et	al53,	for	example,	facilitates	this	application.	However,	the	




More	 promisingly,	 2D	 material	 liquid	 crystals	 have	 also	 been	
proposed	for	application	in	liquid	crystal	displays-	particularly	in	so-
called	‘e-ink’	displays-without	requiring	the	polarising	optics	typically	
necessary	 for	 these	 applications52,76.	 He	 et	 al52	 	 demonstrate	 a	







oxide	 in	 different	 orientational	 orders	 and	 demonstrated	 that	 the	
ordered	graphene	oxide	 liquid	crystals	can	be	used	as	a	rewritable	
display	medium.	The	surface	of	the	graphene	oxide	liquid	crystal	can	
be	 switched	 from	 a	 bright,	 reflective	 state	 to	 a	 dark,	 transmissive	





Inducing	 the	 onset	 of	 a	 liquid	 crystal	 phase	 in	 a	 dispersion	 of	
graphene	 oxide	 has	 been	 used	 for	 size	 selection	 of	 the	 graphene	
oxide	particles96.	Lee	et	al	introduce	a	method	for	facile	size	selection	










2D	 materials	 encompass	 a	 fascinating	 range	 of	 diverse	
properties	with	a	myriad	of	possible	applications	in	optoelectronics	
and	photonics.	The	development	of	liquid	crystalline	nanocomposite	




liquid	 crystals	 can	 find	 wider	 application.	 Primarily,	 there	 remain	
many	 candidate	 2D	 materials	 for	 which	 a	 liquid	 crystal	 phase	 is	
theoretically	possible	but	not	yet	shown;	the	discovery	of	further	2D	










an	area	 in	which	 little	work	has	 far	been	explored	 for	 the	 specific	
systems	of	interest	here.	A	significant	part	of	such	work	remains	to	
be	done	in	the	comparison	of	the	different	synthetic	routes	towards	
the	 LC	 phase,	 and	 how	 the	 synthesis	 can	 affect	 the	 observed	
properties.	
Additionally,	 dispersion	 of	 2D	 materials	 in	 conventional	
liquid	 crystal	 host	 fluids	 presents	 superb	 new	 possibilities	 in	
optofluidic	 systems;	 from	 light	 generation	 to	 dynamic	 sensing	
applications.	This	is	owing	to	the	dramatic	improvements	that	can	be	




but	 can	 also	 add	 further	 functionality,	 for	 example	 by	
metastructuring	 of	 nanoparticle	 dispersions.	 For	 these	
nanocomposite	systems,	the	most	 important	advances	to	be	made	
are	in	the	fundamental	understanding	of	the	basis	for	improvements	
in	 their	 intrinsic	 properties;	 and	 in	 the	 exploration	 of	 predicting	
metastructuring	as	well	as	experimental	observation.	
Overall,	 the	existence	of	 liquid	 crystal	phase	2D	material	
dispersions	 presents	 fantastic	 opportunities	 in	 the	 exploration	 of	
novel	 optoelectronic	 and	 photonic	 systems,	 allowing	 new	 highly-
scalable	 production	 processes	 for	 thin	 film	 integration	 and	 novel	
fiber	systems	amongst	numerous	other	applications.		
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with	 unpolarised	 light,	 (b,e)	 transmission	with	unpolarised	 light	 and	 (c,f)	 transmission	 between	 crossed	 polarisers.	
Reproduced	from	He	et	al,	Nanoscale,	201452	with	permission	from	The	Royal	Society	of	Chemistry	©2014. 
